Since the output of disparity-tuned simple cells likely is due to a horizontal shift between the left and right constitutes the building blocks for all later disparity comeye images, is computed by a cell with a horizontal shift putations, which ultimately lead to the percept of 3D depth, it is important to understand precisely how these cells integrate information from the two eyes. In this
rounding region which was held at a fixed far (0.09Њ) disparity. The size of the central region covered the receptive field of the cell. We classified a cell as disparity tuned if it clearly responded differently to the two disparities.
After a disparity-tuned cell was isolated, we mapped each eye's receptive field along one dimension. We used pairs of light bars to map the ON subregions in the two eyes, and pairs of dark bars to map the OFF subregions in the two eyes. To plot the "spacetime map," we computed the average poststimulus time histogram (PSTH), from 0 to 250 ms, to stimulation at each bar location (see Figure 8 for a quantification of the stability of the spacetime maps). Figure 2A shows, for one simple cell, the left and right eye spacetime maps in response to light bars (top row) and dark bars (bottom row). The light-bar response was spatially and temporally offset from the dark-bar response, in both eyes. In each spacetime map, the horizontal axis represents the location of the stimulus, the vertical axis represents the time after profiles from both light-and dark-bar maps to sinusoids and classified a cell as simple when the light and dark response profiles were more than 90Њ out of phase either study, we measured left and right eye receptive field spatially or temporally. Figure 2C shows a scatter plot of maps in five alert, fixating macaques in which eye posithe temporal versus spatial phase differences between tion was known and disparity tuning could be measured. light and dark maps for our entire population of disparityWe found that both phase and position differences contuned cells. The simple cells are all scattered in the tribute to the shape of the disparity-tuning curve in binupper right quadrant (light and dark maps Ͼ90Њ out of ocular simple cells of the macaque.
phase both spatially and temporally), while the complex cells are clustered in the lower left quadrant (light and Results dark bar maps Ͻ90Њ out of phase both spatially and temporally). We used the light-and dark-bar spacetime We obtained monocular receptive field maps and binocmaps from the dominant eye to compute the phase ular interaction maps from 30 simple cells. Twelve were differences shown in this plot. This is valid because tuned for near disparities, ten for far, four for zero, and most cells were either simple in both eyes or complex four were tuned inhibitory, with a trough near zero disin both eyes. There were two cells that were exceptions; parity.
these cells responded to only a single contrast in each In four monkeys, we initially screened for disparityeye ( Figure 2B ). For these cells (denoted by an asterisk selective cells using a dynamic random-dot stereogram.
in Figure 2C ), the temporal and spatial phase differences Out of 794 cells screened, we found 172 disparity-tuned were computed using the light-bar map in one eye and cells, of which 154 were complex and 18 were simple. the dark-bar map in the other eye. Both cells responded Because simple cells appear to be relatively rare and to the random dot screening stimulus, showing that they this study concerns them specifically, in a fifth monkey were disparity tuned. we subsequently screened cells for simple structure (Conway and Livingstone, 2002) . This method of screening yielded 16 simple cells of which 12 were disparity Relationship between Monocular Left and Right Eye Receptive Fields: Phase Shift or Position Shift? selective and included in our analysis, to give a total population of 30 disparity-tuned simple cells.
Figures 3 and 4 demonstrate how we measured the disparity tuning and compared this to the monocular receptive fields for the cell in Figure 2A . In response to Screening for Disparity-Tuned Simple Cells We used a dynamic random dot stereogram (Julesz, the screening random dot stereogram, this cell responded preferentially to a near compared to a far dis-1960) to test for disparity selectivity, in order to eliminate any monocular cues to depth. The stereogram consisted parity ( Figure 3A) . We confirmed that the cell was near by plotting its disparity-tuning curve to a changing-disof a central square region which alternated between a near (Ϫ0.14Њ) and a far (0.09Њ) disparity, and a surparity binocular bar that was moved back and forth The left and right eye spacetime maps of this cell are light-bar spacetime map (Figure 2A, top row) . This subtraction makes the assumption that wherever a simple shown in Figure 3C , second and third columns. They the phase difference between the two Gabors to an equivalent disparity by dividing by the spatial frequency of the Gabor (averaged over the two eyes). This cell had a position shift of Ϫ0.12Њ and a phase shift of 0.00Њ (we use the convention that near disparities are negative). The actual optimal disparity of the cell, measured with a flashing disparity bar, was Ϫ0.10Њ ( Figure 3B ), in good agreement with the interocular position shift.
The monocular spacetime maps in Figure 3C were filtered with a 3 ϫ 3 pseudo-Gaussian filter, sigma 0.14Њ in the spatial dimension and 3 ms in the time dimension. This smoothed the maps without significantly altering their organization. Figure 3D shows the monocular spacetime maps without filtering. When phase and position disparities are calculated from the unblurred maps, position disparity is still greater than phase disparity. sary; a Gaussian may be sufficient. In order to assess: (1) whether a Gabor function was necessary, and (2) when a Gabor was necessary, how well constrained the cell is excited by a light bar, it is inhibited by a dark bar, phase and position parameters of the Gabor were, we and vice versa (Movshon et al., 1978) . Since inhibitory applied the sequential F test method (Draper and Smith, synaptic potentials below a cell's firing threshold will be 1998). For each cell, we fit the left and right eye receptive masked, the full strength of ON and OFF subregions fields to the following four curves: (1) a Gabor with phase can only be revealed by subtracting dark-bar responses and position parameters allowed to vary freely, (2) a from light-bar responses. Three features are apparent Gaussian, (3) a Gabor with the phase parameter free but in the monocular spacetime maps: (1) the sequence of with the position parameter constrained to be the same ON and OFF subunits is the same in the two eyes; (2) in both eyes, and (4) a Gabor with the position parameter the left eye receptive field is shifted to the right of the free but with the phase parameter constrained to be the right eye receptive field; and (3) there is a slant to the same in both eyes. We then compared fits 2, 3, and 4 receptive field such that it shifts leftward with shorter with fit 1, using the sequential F test, to determine delay. The crossed receptive field shift was consistent whether they yielded equally good fits or not (see Experiwith the cell's near disparity preference, and the leftward mental Procedures for details). slant of the monocular receptive fields was consistent When we applied this fitting procedure to all the cells, with the cell's leftward motion preference ( position-constrained Gabor were both able to fit the To determine the precise combination of phase-and/ data just as well as a full, unconstrained Gabor (see or position-shift between the two eyes, we fit the monocSupplemental Figure S1 at http://www.neuron.org/cgi/ ular receptive field profiles to Gabor functions. The recontent/full/38/1/103/DC1). This was due to the high ceptive field profiles were obtained by averaging the number of degrees of freedom in the fitting procedure spacetime maps over a range centered about the opti-(12 for the unconstrained Gabor fits, 11 for the conmum delay (indicated by the pair of horizontal blue lines strained Gabor fits) and the fact that a phase shift can in Figure 3C , second and third columns). The resulting be partially compensated by differences in other parammonocular receptive field profiles are shown in the left eters, e.g., relative spatial frequency, receptive field column of Figure 3C Figure 4A shows the cross-correlation of the monocuIndeed, when we assessed the significance of the phase and position parameters of the Gabor fits to the prelar spacetime maps for the position-shift cell in Figure  3 . The Gabor fit to the one-dimensional cross-correlation dicted disparity-tuning curves (using the sequential F test method), we found that, except for the four tuned profile is superimposed (magenta curve). This represents the disparity-tuning curve predicted by the halfinhibitory cells and two tuned excitatory cells, a nonzero phase and position were both required, supporting the squaring model. Also shown is the position envelope of the cross-correlation profile. It is easy to read off the hybrid phase-and position-shift model. Figures 5B-5D show three more if the period of the Gabor is much larger than its width. Therefore, the peak of the Gabor is a better way to near cells whose left and right eye receptive fields were related mainly through a phase shift. The predicted disexpress the combined effect of the phase and position of the Gabor. Figure 6F plots the peak of the predicted parity-tuning curves of these three cells were asymmetric, while the envelope position was close to zero. disparity-tuning curve against the peak of the actual disparity-tuning curve. As expected, this produces a Figures 5E and 5F shows two hybrid phase-and position-shift cells in which the predicted phase and position slight improvement in the correlation (r ϭ 0.91, p Ͻ 2.3 ϫ 10
Ϫ12
). Together, Figures 6C-6E demonstrate that disparity were in the same direction ( Figure 5E , both near; Figure 5F , both far). Figure 5G 
Classes of Disparity-Tuned Cells

Conjugate and Vergence Eye Movements
The advantage of using alert animals to study stereopsis is that the actual disparity preference and the actual position shift between the left and right eye receptive fields can be measured because the monkey can be trained to fixate. However, there may be doubt whether receptive field mapping in alert monkeys has the necessary resolution, since the animal is free to move its eyes (though it is rewarded for fixating). In theory, it would be optimal to correct the bar position for the position of each eye so that the receptive field maps represent the position of the bar on the monkey's retina rather than the position on the screen (Livingstone, 1998 . Briefly, five male rhesus mabar maps were scaled so that the mean firing rate was the same caque monkeys were implanted with head posts, recording chambers, for both, and the maps were smoothed with a pseudo-Gaussian and eye coils under sterile conditions. Eye coils were sutured to the filter (3 ϫ 3 matrix, sigma ϭ 0.14Њ in space and 3 ms in time). A cell sclera with four sutures, 90Њ apart. The chambers were centered was classified as simple when either the spatial or the temporal over the lateral operculum, allowing access to foveal V1. phase shift was Ͼ90Њ between the light-and dark-bar maps. We recorded extracellularly with fine electropolished tungsten Spacetime maps were generated both with and without eye posielectrodes coated with vinyl lacquer (Frederick Haer, Bowdoinham, tion correction (i.e., correcting the bar location for the monkey's ME). Extracellular signals were amplified, bandpass filtered eye position so that the receptive field maps would represent the (500Hz-2 kHz), and fed into a dual-window discriminator (BAK Elecposition of the bar on the monkey's retina). However, since we found tronics, Germantown, MD). The spike train was recorded at 1 ms that eye position correction generally resulted in lower amplitudes resolution. Only well isolated single units were used for mapping. and larger receptive field widths, all the results here were computed A Dell 500 MHz Pentium PC was used for stimulus generation and from uncorrected maps. data collection. The eye position monitor was manufactured by CNC Coils (Seattle, WA). The monitor was calibrated before and after each recording session by having the monkey look at dots in the Obtaining Disparity-Tuning Curves center and four corners of a 5Њ square on the monitor.
We generated two-bar interaction maps by plotting, for each spike and temporal delay, the preceding bar location in the left and right Visual Stimulation eyes at that delay on the x and y axis, respectively. The binocular The monkey sat in a dark box with its head rigidly fixed and was interaction map looks like a cross (Ohzawa et al., 1990; Livingstone given a juice reward for keeping fixation for three seconds within a and Tsao, 1999). The four arms of the cross represent the monocular 1Њ fixation box. Red/green goggles were used to allow presentation receptive field within each eye, while the center of the cross repreof independent stimuli to each eye (KODAK written filters, cyan #65A sents the response to binocularly visible bars flashed at different and red #25). The amount of leakage through the filters was Ͻ6%.
locations and disparities. The monkey's eye position was recorded every 4 ms for use in the Disparity-tuning curves were obtained by superimposing a 45Њ eye-position corrected reverse correlation. All visual stimuli were rotated square (1Њ side length) on the binocular interaction map, written using the Scitech MGL Graphics Libarary and were preand summing along the iso-disparity lines of this square. For each sented at a 60 Hz monitor refresh rate. cell, the same reverse correlation delay was used to obtain the disparity-tuning curve as was used to obtain the monocular receptive field profiles. We repeated this procedure for light-and darkScreening for Disparity-Tuned Simple Cells We screened for disparity-tuned cells with a 3Њ ϫ 3Њ dynamic random bar maps and averaged the two maps using the relative number of spikes as a normalization ratio (e.g., if the light-bar map was dot stereogram. The inner (1Њ ϫ 1Њ) region of the stereogram modulated between a near (Ϫ0.14Њ) and a far (0.09Њ) disparity, while the constructed from half as many spikes as the dark-bar map, then it would be weighted twice as strongly). For a few cells, we used outer region that was fixed at far (0.09Њ) disparity. The dot density was 30%, and the dot size was 0.03Њ. The square flashed on for 250 only the contrast giving the most reliable disparity-tuning curve. To obtain error bars, we divided the light-and dark-bar spikes for each ms and off for 200 ms. Since there were no monocular cues to the disparity of the square, a modulating response necessarily indicated cell into two groups, each containing the same number of spikes, and computed the disparity-tuning curve in the above manner sepabinocular disparity tuning. It is possible that because we used only 
